The adsorption characteristics of zeolites synthesized from fly ash were combined in a composite with the magnetic properties of iron oxides to produce adsorbents which were magnetic materials. Such zeolite/iron oxide magnetic composites were prepared with weight ratios of 3:1, 2:1 and 1:1. The experimental data for the equilibrium adsorption isotherms of Zn 2+ ions onto the composites were modelled using the Freundlich and Langmuir equations. The presence of iron oxide had no significant effect on the adsorption capacities of the magnetic composites.
INTRODUCTION
The application of modified magnetic materials to solve environmental problems has received considerable attention in recent years. Magnetic composites can be used to adsorb contaminants from aqueous or gaseous effluents and, after adsorption, can be separated from the medium by a simple magnetic process. Some examples of this technology are the use of poly(oxy-2,6-dimethyl-1,4-phenylene) for the adsorption of organic dyes (Safarik et al. 1995) , polymer-coated magnetic particles for oil spill remediation (Orbell et al. 1997) , polyacrylic acid-bound iron oxide magnetic nano-particles for the adsorption of Methylene Blue (Mak and Chen 2004) and the use of montmorillonite-Cu(II)/Fe(III) oxide magnetic materials for the removal of humic acid (Xianjia et al. 2006) .
Magnetic composites based on activated carbon/iron oxide, clay/iron oxide and NaY commercial zeolite/iron oxide have been prepared via a simple precipitation method and used for the removal of contaminants from aqueous effluents (Oliveira et al. 2002 (Oliveira et al. , 2003 (Oliveira et al. , 2004 . These materials possessed a high surface area and a high adsorption capacity.
In the present work, the magnetic properties of iron oxides have been combined with the adsorption features of zeolites synthesized from fly ash to produce a novel magnetic composite adsorbent. It is possible to convert fly ash into zeolitic products by hydrothermal treatment in an alkaline medium (Henmi 1987; Querol et al.1997; Poole et al. 2000; Rayalu et al. 2000; Kolay et al. 2001; Murayama et al. 2002) . The products showed a significantly increased surface area and cationexchange capacity when compared to the raw ash.
Zeolitic materials have been used as low-cost adsorbents for the removal of metal from aqueous solution (Singer and Berkgaut 1995; Lin and Hsi 1995; Amrhein et al. 1996; Querol et al. 2001 Querol et al. , 2002 Fungaro and Silva 2002; Fungaro et al. 2004 Fungaro et al. , 2005 . The zeolite/iron oxide composites were used as adsorbents for the removal of Zn(II) ions from water. The Langmuir and Freundlich isotherm models were examined for their applicability to model the isotherm data. The experimental kinetic data were evaluated by applying the pseudo-first-and pseudo-second-order and intra-particle diffusion models.
EXPERIMENTAL Materials
All the chemicals used in the present study were of Analytical Reagent grade. A stock solution of Zn(II) ions was prepared by dissolving a weighed quantity of the respective nitrate salt in de-ionized water (Millipore Milli-Q). Samples of fly ash from a baghouse filter were obtained from a coal-fired power plant located at Figueira County in Paraná State, Brazil. The chemical composition of the fly ash was determined by X-ray fluorescence analysis (XRFS RIX 3000 -Rigaku) and is listed in Table 1 .
The fly ash from the baghouse filter had a very low SiO 2 /Al 2 O 3 ratio compared with most coal fly ashes (ca. 2 wt/wt%). This feature, coupled with the relatively low impurities content (Fe, Ca and S oxides), indicates a high potential for the use of this sample as a starting material for the synthesis of low-Si zeolites.
Synthesis of composites
Coal fly ashes were used as starting materials for zeolite synthesis by means of hydrothermal treatment. In a typical synthesis, 20 g ash was heated in an oven for 24 h at 100°C, cooled in a desiccator and then treated with 160 mᐉ of 3.5 mol/ᐉ NaOH solution. The zeolitic material was then washed repeatedly with de-ionized water and dried at 100°C for 24 h.
The composites were prepared by the co-precipitation method, by adding a 5 mol/ᐉ NaOH solution into a mixed solution consisting of 0.25 mol/ᐉ ferrous chloride and 0.5 mol/ᐉ ferric chloride (molar ratio 1:2) at room temperature until a pH value of 11 was attained. The resulting slurry was filtered and washed repeatedly with distilled water until the wash solution had a pH value of 7. The particles thus obtained were re-dispersed in aqueous solution and zeolite was added. The amount of zeolite was adjusted in order to obtain zeolite/iron oxide weight ratios of 1:1, 2:1 and 3:1, respectively. The composites were filtered and the materials obtained were dried in an oven at 100°C.
Batch adsorption experiments
Batch adsorption experiments were carried out by shaking 1 g of composite with 100 mᐉ of solutions containing Zn(II) ions. After shaking, the suspensions were centrifuged and the supernatant concentrations were established titrimetrically by EDTA methods. Adsorption isotherms of Zn(II) ions at initial concentrations in the range 260-520 mg/ᐉ were determined after shaking the suspensions for 24 h.
RESULTS AND DISCUSSION

Adsorption isotherms
The analysis and design of adsorption processes requires data obtained under equilibrium conditions to obtain a better understanding of the adsorption process. Such data allow fundamental physiochemical calculations for evaluating the applicability of the adsorption process as an unit operation to be undertaken. In the present study, adsorption isotherms were determined for the adsorption of Zn 2+ ions onto pure zeolite and zeolite/Fe oxide composites. The results are shown in Figure 1 . It will be seen that the adsorption capacities increased with increasing equilibrium Zn 2+ ion concentrations and eventually attained a plateau value. The adsorption capacity for the Zn 2+ ion decreased in the order zeolite > 3:1 composite > 2:1 composite > 1:1 composite. It is interesting to note that the presence of iron oxide had no significant effect on the adsorption capacity of the zeolite in the composites. The lower adsorption capacity of the composites is probably related to the decrease in surface area caused by the presence of iron oxide. Similar results have been obtained for the adsorption of Zn 2+ ions onto clay/iron oxide composites (Oliveira et al. 2003) .
The shapes of the isotherms are largely determined by the adsorption mechanism and can therefore be used to diagnose the nature of the adsorption process (Giles et al. 1960) . Thus, solution adsorption isotherms may be sub-divided into four main classes relating to their shapes; these are termed S, L, H and C with the subgroups 1, 2, 3, 4 or max. Figure 1 clearly shows that the adsorption isotherms obtained in the present studies were of L2 type. In processes where such isotherms are obtained, the adsorption of solute onto the adsorbent proceeds until a monolayer is established; the formation of further layers is not possible in this case (Giles et al. 1960) .
The equilibrium data obtained in the present study were analyzed using the Freundlich and Langmuir isotherms. The linear forms of the expressions for these isotherms may be expressed by the following equations:
Freundlich:
( 1) where
] and n are the Freundlich constants related to the adsorption capacity and the intensity of adsorption of the adsorbents:
where q e is the concentration of the solid-phase adsorbate at equilibrium (mg/g), C e is the concentration of the aqueous-phase adsorbate at equilibrium (mg/ᐍ), Q 0 (mg/g) is the maximum amount of adsorbate per unit weight of adsorbent necessary to form a complete monolayer on the surface, and b (ᐍ/mg) is the Langmuir isotherm constant related to the affinity of the adsorption sites.
Figures 2 and 3 depict linear Langmuir and Freundlich plots for the adsorption of Zn 2+ ions onto pure zeolite and the zeolite/Fe oxide composites, respectively. The isotherm constants and correlation coefficients calculated for the Freundlich and Langmuir equations are listed in Table 2 .
A. Fungaro and J.E.A. Graciano/Adsorption Science & Technology Vol. 25 No. 10 The data shown in the table indicate that the correlation coefficients (R 2 ) demonstate that the Langmuir model fitted the experimental data better than the Freundlich model.
The Langmuir isotherm can also be represented in terms of a dimensionless constant separation factor or an equilibrium parameter: (Hall et al. 1966 ). It will be seen from Table 2 that the calculated R L values were between 0 and 1 for all the adsorbents studied, indicating favourable conditions for the adsorption process. The Freundlich parameters K F and n are also presented in Table 2 . All the n values were higher than 1, indicating that the Zn 2+ ions were adsorbed favourably onto the adsorbents.
The 2:1 zeolite/iron oxide composite was chosen for the studies of the kinetic and thermodynamic characteristics of the adsorption process. Figure 4 shows the effect of the initial Zn 2+ ion concentration at different contact time on the adsorption capacity of the 2:1 zeolite/iron oxide composite. It will be seen that the extent of adsorption increased rapidly over the initial stages before 5 h and then approached equilibrium after 10 h. During the initial stages of adsorption, a large number of vacant surface sites are available on the adsorbent. However, after this stage, the remaining vacant surface sites become difficult to fill due to repulsive forces between the solute molecules on the solid surface and the bulk phase. In addition, metal ions are adsorbed into those pores that are virtually saturated during the initial adsorption stage. Thereafter, the metal ions have to traverse further and deeper into the pores, thereby encountering considerable resistance. This results in the slow down of the adsorption process during its later stages.
Effect of contact time and concentration
It will be seen from the figure that the amount adsorbed (mg/g) increased as the agitation time and concentration increased, and then remained virtually constant after equilibrium had been attained. An increase in the initial Zn 2+ ion concentration led to an increase in the adsorption capacity of the composite towards Zn 2+ ions. Thus, the initial concentration is an important driving force in overcoming all mass-transfer resistances towards the transfer of ions from aqueous solution to the solid phase. This means that higher initial ion concentrations will lead to an enhancement of the sorption process. The time to reach equilibrium was independent of the initial ion concentration in the equilibrium solution. Furthermore, it should be noted that the removal curves are single, smooth and continuous, thereby suggesting the formation of a monolayer of adsorbate on the surface of the adsorbent.
Adsorption kinetics
A study of the adsorption kinetics is desirable as it provides information about the mechanism of the process, which is important for its efficiency. Predicting the rate at which contamination is removed from aqueous solutions is important in order to design an adsorption treatment plant. Several models can be applied to determine the adsorption kinetics, viz. the pseudo-first-order model, the pseudo-second-order model and the intra-particle diffusion model. The pseudo-first-order model can be expressed by the relationship (Ho and McKay 1998a) :
log(q e -q) = log q e -k 1 t/2.303 (4) where q and q e represent the amount of Zn 2+ ions adsorbed (mg/g) at a given time, t (h), and at equilibrium, respectively, while k 1 represents the sorption rate constant (h -1 ). The kinetic data were further analyzed using the pseudo-second-order relationship proposed by Ho et al. (1996) , which is represented by: (5) where k 2 is the pseudo-second-order rate constant [g/(mg h)] and q e and q represents the amounts of Zn 2+ ions adsorbed (mg/g) at equilibrium and a given time t (h). The constant k 2 is used to calculate the initial adsorption rate, h [mg/(g h)], via the equation: h = k 2 q 2 e (6) Because the two above equations cannot provide definite mechanisms, the data obtained were also examined by the intra-particle diffusion model. According to Weber and Morris (1963) , the intra-particle diffusion coefficient, K i , can be defined as:
Hence, the value of K i [mg/(g h 0.5 )] can be obtained from the slope of the plot of q (mg/g) versus t 0.5 (h 0.5
). Previous studies have shown that such plots may present multilinearity, characterizing two or more steps involved in the adsorption process (Allen et al. 1989) .
Figures 5-7 present the plots for the adsorption of Zn 2+ ions onto the 2:1 zeolite/iron oxide composite applying the pseudo-first-order kinetic model, the pseudo-second-order kinetic model and the intra-particle diffusion model, respectively. The calculated values of the kinetic constants, the diffusion coefficient and the corresponding linear regression correlation constants are listed in Table 3 . As seen from the table, the values of the correlation coefficients obtained from the application of pseudo-second-order model were higher than those for the pseudo-first-order and intra-particle diffusion models. The best fit to the kinetic data arising from the studies of the adsorption of Zn 2+ ions onto the composite was provided by the pseudo-second-order rate expression. This suggests that the Zn 2+ ion/composite system may involve an activated or chemisorption process (Ho and McKay 1998b) .
The linearity of the fitting lines obtained from the application of the diffusion model (Figure 7 ) points to the presence of intra-particle diffusion in the system. However, the fact that the lines do not pass through the origin of the plots indicates that, although intra-particle diffusion may be involved in the adsorption process, it was not the rate-controlling step (Weber and Morris 1963). 736 D.A. Fungaro and J.E.A. Graciano/Adsorption Science & Technology Vol. 25 No. 10 
Thermodynamic parameters
In any adsorption process, both energy and entropy considerations must be taken into account in order to determine whether that process will occur spontaneously. Values of the thermodynamic parameters are important indicators regarding the practical application of a process. Accordingly, the adsorption of Zn 2+ ions from aqueous solution onto the 2:1 zeolite/iron oxide composite was studied at different temperatures. The observed variation in the extent of adsorption with respect to temperature was explained on the basis of changes in the standard free energy (∆G 0 ), enthalpy (∆H 0 ) and entropy (∆S 0 ). These may be calculated via the following equations:
where R is the gas constant and T is the temperature (K). The value of K c was calculated using the equation:
where C ads is the equilibrium concentration of Zn 2+ ions on the adsorbent (mg/ᐉ) and C e is the equilibrium concentration of Zn 2+ ions in the solution (mg/ᐉ). The symbols K c , K c 1 and K c 2 correspond to the equilibrium constants at temperatures T, T 1 and T 2 , respectively. The calculated values of the thermodynamic parameters are presented in Table 4 
CONCLUSIONS
The results obtained in these studies show that the adsorption features of zeolite synthesized from fly ash can be combined with magnetic iron oxides in a composite to produce magnetic adsorbents. The preparation of such adsorbents involves a simple precipitation procedure, requiring readily available chemicals such as iron salts, sodium hydroxide and fly ash. Isotherms for the adsorption of Zn 2+ ions onto the adsorbents were best modelled by the Langmuir equation. The composites showed adsorption capacities towards Zn 2+ ions from aqueous solution which were in the range 27.8-30.0 mg/g, with increasing presence of iron oxides producing a decrease in the adsorption capacity of the zeolite. The coal fly ash-based magnetic adsorbent can be used as an alternative to more costly adsorbents for the treatment of wastewater.
